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PHOTON-GATED  PERSISTENT  SPECTRAL  HOLE-BURNING 

W.  L.  Mocrncr 
IBM  Research  Division 
Almaden  Research  (’enter 
650  Harry  Road 
San  Jose,  California  95120 

ABSTRACT:  This  article  reviews  recent  progress  in  the  area  of  photon-gated  persistent 
spectral  hole-burning,  in  which  one  photon  selects  absorbers  in  an  inhomogcneouslv 
broadened  line  and  a  second  "gating"  photon  of  a  different  wavelength  completes  the 
excitation  necessary  to  produce  a  spectral  hole.  This  phenomenon  provides  a  crucial 
threshold  in  the  hole  formation  process,  allowing  reading  with  the  first  wavelength  alone  to 
be  nondestructive.  Examples  of  photon-gating  in  both  inorganic  and  organic  materials  arc 
summarized,  with  emphasis  on  the  organic  materials. 


-2- 


§1.  Introduction 

Frequency  domain  optical  storage,  in  which  digital  information  is  encoded  as  the 

frequency  location  of  persistent  spectral  holes,  '  shows  promise  of  high  areal  densities  in  the 

Iff  —  10"  hits/cm2  range  while  affording  fast  random  access  by  beam  deflection  as  well  as 

high  data  rates  by  laser  frequency  tuning  and  optical  parallelism.  Persistent  ^pertm! 

hole-burning  (PSHB)  occurs  in  inhomogeneously  broadened  optical  transitions  of  impurities 

in  transparent  solids  at  low  temperatures  when  optical  excitation  of  resonant  impurity  centers 

causes  a  long-lived  transformation  to  a  new  nonabsorbing  ground  state.  In  addition  to  the 
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interest  in  PSIIB  for  possible  storage  applications  ,  this  phenomenon  has  proven  to  be 
extremely  useful  in  the  study  of  the  statics  and  dynamics  of  absorbing  centers  in  a  wide 
variety  of  amorphous  and  crystalline  solids3. 

/\  material  in  order  to  be  useful  in  a  practical  frequency-domain  optical  storage  system 
must  simultaneously  show  the  ability  to  form  deep  holes  in  short  (nanosecond)  burning  times 
and  yet  allow  nanosecond  reading  at  high  signal-to-noise  ratios  with  tightly  focused  beams. 
These  requirements  place  several  well-defined  constraints  on  the  dynamical  properties  of  the 
hole-burning  mechanism.  For  the  case  of  single-photon  materials  in  which  the  photoinduced 
change  proceeds  with  a  certain  fixed  p:  N  f  lity  after  the  absorption  of  one  photon  by  each 
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absorbing  center,  a  thorough  analysis  of  the  coupled  reading-writing  problem  shows  that 
these  materials  can  provide  sufficient  SNR  only  in  a  limited  range  of  absorption  cross 
sections  and  quantum  efficiencies.  The  essential  problem  with  single-photon  processes  is  that 
there  is  no  threshold  or  hysteresis  in  the  hole  formation  mechanism,  as  opposed  to  the 
situation  with  all  other  successful  schemes  for  long-term  information  storage  such  as 
magnetic,  magneto-optic,  ferroelectric,  and  phase  change  recording. 

One  way  around  the  destructive  reading  problem  with  single-photon  materials  is  to 
consider  two-step  spectral  hole  formation  mechanisms,  called  gated  mechanisms  (sec  Fig.  I). 
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A  gated  mechanism  has  the  property  that  irradiation  with  the  wavelength  /,  alone  causes 
essentially  no  photoinduccd  changes  (writing),  i,  c.,  after  the  absorption  event  takes  the  center 
from  the  ground  state  I  to  the  excited  state  2,  the  center  simple  returns  to  the  original 
ground  state  I  after  the  excited  state  lifetime.  However,  when  the  center  has  been  placed  in 
the  excited  state  2  by  absorption  of  a  photon  at  /,  and  an  external  "gating  field"  is  also 
present,  a  photoinduccd  change  occurs  and  the  center  enters  a  new  ground  state  or 
permanent  reservoir  that  no  longer  absorbs  at  2,.  The  "dip"  or  region  of  reduced  absorption 
that  is  left  behind  in  the  inhomogeneous  line  is  the  resulting  spectral  hole  that  can  be 
detected  nondcstructivcly  with  /,  alone.  In  this  manner,  gated  mechanisms  add  a  crucial 
threshold  to  the  hole  formation  process,  which  allows  the  writing  and  reading  processes  to 
be  uncoupled.  The  external  field  may  be  a  second  photon  of  a  different  wavelength  or  the 
gating  could  perhaps  be  achieved  by  any  other  external  field,  such  as  electric  field,  magnetic 
field,  stress  field,  and  the  like.  When  the  gating  field  is  a  second  light  field5,  the  mechanism 
is  said  to  be  photon-gated. 

The  importance  of  photon-gated  processes  for  scientific  studies  of  1’SIIB  and  for 
frequency  domain  optical  storage  has  stimulated  much  recent  research  to  discover  new 
photon-gated  materials.  This  paper  will  first  present  schematic  energy  level  schemes  for 
photon-gating  appropriate  for  3-lcvcl  and  4-level  systems  (§2).  In  most  cases,  the  mechanism 
is  two-step  photoionization,  although  other  biphotonic  photochemical  reactions  have  also 
produced  photon-gating  (see  §3.2).  In  §3,  recent  progress  in  the  search  for  photon-gated 
systems  in  inorganic  materials  as  well  as  in  organic  materials  will  be  briefly  reviewed.  Some 
emphasis  will  be  placed  on  the  organic  materials  since  a  review  of  the  inorganic  materials 

f i 

has  appeared  recently  .  This  work  concludes  (§4)  with  a  description  of  the  optimal  cross 
section,  quantum  efficiency,  and  number  density  Tor  an  optimal  photon-gated  material  for 
the  ease  of  frequency  domain  readout  in  focused  spots. 
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§2.  Generalized  Photon-Gated  Mechanisms 

Figure  2  illustrates  some  general  requirements  on  three-level  and  four-level  photon-gated 
PS  1 1 B  mechanisms  in  order  to  achieve  high  overall  efficiency  and  high  gating  ratio,  where 
the  gating  ratio  is  a  measure  of  the  efficiency  of  two-color  hole  production  divided  hv  the 
efficiency  of  one-color  hole  production  with  2,  alone.  While  the  exact  materials  requirements 
depend  strongly  upon  the  actual  system  configuration  and  signal-to-noise  requirements,  some 
general  comments  about  the  required  level  structure  can  be  made. 

The  left  side  of  F'ig.  2  illustrates  the  three-level  system  which  is  the  common  configuration 
for  many  inorganic  materials.  A  first  requirement  is  that  2,  should  be  larger  than  22,  so  that 
the  site-selecting  beam  cannot  also  easily  act  as  the  gating  beam.  The  absorption  in  the 
circular  regions  should  be  small  to  reduce  one-color  burning  (by  three  2,  photons,  case  a) 
or  bleaching  by  the  gating  light  (by  two  22  photons,  case  b).  The  lifetime  r  of  the 
intermediate  state  2  should  be  long  enough  to  allow  large  populations  to  build  up  in  this 
state  for  further  excitation  to  the  reactive  levels  3.  In  cases  where  r  is  much  larger  than  the 
data  access  time  the  storage  material  docs  not  have  to  be  exposed  to  both  photon  energies 
simultaneously.  Further,  there  is  no  fundamental  need  for  a  frequency-selective  narrow-band 
transition  from  level  2  to  level  3;  however,  in  certain  instances,  narrow-band  levels  3  involving 
transitions  with  high  peak  cross  sections  may  be  preferable  to  a  continuum  absorption  such 
as  a  conduction  band.  The  microscopic  yield  >/  from  the  reactive  levels  3  should  be  as  large 
as  possible  for  high  overall  gating  efficiency. 

In  principle,  svstems  with  2,  -=  )2  can  exhibit  gated  PS  I  IB  in  the  sense  that  the 
hole-burning  yield  is  nonlinear  with  laser  intensitv  .  For  example,  at  low  powers  the  hole 
formation  rate  may  scale  quadratically  with  laser  power,  whereas  at  high  powers  level  2 
saturates  and  the  hole  formation  rate  scales  linearly  with  laser  power.  However,  in  actual 
situations,  signal-to-noisc  requirements  often  require  that  the  reading  laser  power  be  so  large 
that  the  quadratic  regime  cannot  be  utilized.  In  addition,  the  requirement  of  non-destructive 
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rcading  makes  it  desirable  to  use  systems  with  >,  ^  /2  permitting  complete  decoupling  of 
reading  and  writing  processes. 

The  right  half  of  Fig.  2  illustrates  optimized  photon-gated  PSFIB  with  a  four-level  system. 
Here  the  intermediate  state  i  is  distinct  from  state  2.  which  allows  independent  optimization 
of  the  level  lifetimes.  This  level  structure  occurs  quite  commonly  for  organic  materials  in 
which  states  1  and  2  are  part  of  the  singlet  manifold  and  level  i  is  the  lowest  triplet  state. 
The  required  lifetime  t  of  level  2  will  often  be  determined  by  a  combination  of  the  required 
hole  width,  data  rafc,  and  absorption  strength.  For  example,  if  r  is  too  short,  the  holes  will 
be  necessarily  broad.  For  efficient  gated  PSIIB  the  (  2  — ►  i  )  rate  T  should  be  as  large  as 
possible  consistent  with  the  requirement  that  the  lifetime  of  level  2  not  be  too  short.  Further, 
a  long  intermediate  state  lifetime  r,  would  be  advantageous  in  achieving  a  large  population 
in  level  i.  It  is  evident  that  absorptions  2  -*■  (a),  1  ->  (b).  and  i  ->  (c)  involving  photons 
of  frequency  rot,  a>2,  and  o>,,  respectively,  should  not  be  large  in  order  to  prevent  undesired 
bleaching  and  inefficient  excitation  of  interfering  levels.  Of  course,  the  microscopic  yield  rj 
from  the  photoreactive  levels  3  should  be  as  large  as  possible  for  efficient  photon-gating. 

§3.  Examples  of  Photon-Gating 

§3.1  Inorganic  Materials 

The  first  observation  of  photon-gating  resulted  from  experiments  on  Sur'  ions  in  BaCIF 

g 

crystals  Phis  material  is  in  the  class  of  3-Icvcl  materials  (l  ie.  2.  left  side),  and  the  specific 
energy  levels  of  interest  arc  shown  in  Figure  3.  Despite  the  discovery  of  several  other 
inorganic  systems  showing  photon-gating,  this  material  continues  to  be  of  interest  due  to  the 
large  gating  ratio  and  other  properties  to  be  described  below.  The  first  photon  near  690  run 
excites  the  system  from  the  V  ground  state  (level  1)  to  the  D  level  (level  2).  Extended 

0  d 

irradiation  at.  690  nm  produces  essentially  no  hole  production,  but  brief  periods  of 
simultaneous  irradiation  with  y;  =  M4nm  or  shorter  produces  spectral  holes  at  file 


6- 


sccond  photon  excites  the  ion  from  D  to  the  conduction  band  or  to  an  autoionizing  level 
above  the  conduction  band  edge  and  the  liberated  electron  is  subsequently  trapped  in  the 
host  matrix  leaving  behind  a  Sm1'  ion. 

Figure  4  shows  examples  of  the  spectral  holes  for  the  Sm2‘:BaCIF  system.  The  gating 
ratio,  or  the  ratio  of  gated  hole  depth  to  single-color  hole  depth  for  equal  burning 
conditions,  has  been  observed  to  be  quite  large,  on  the  order  of  I  ft*.  Another  novel  property 
of  this  system  is  room  temperature  cyclabiiitv  of  the  written  information  .  For  example,  after 
burning  holes  at  liquid  helium  temperatures,  the  sample  can  be  warmed  up  to  room 
temperature  for  24  hours,  and  then  upon  rccooling  to  helium  temperature,  the  previously 
written  holes  can  still  be  easily  detected. 

Since  the  hole-burning  process  appears  to  involve  conversion  of  Sm2'  to  Sm2'  with 
trapping  of  the  ejected  electron  at  Sm3>  ions,  the  act  of  hole-burning  simply  redistributes 
absorption  strength  within  the  inhomogeneous  absorption  of  the  Sm2'  ions.  The  holes  can 
be  erased  by  irradiation  in  the  homogeneously  broadened  transitions  in  the  blue,  which 
redistributes  the  ions  between  the  divalent  and  trivalcnt  states.  One  drawback  of  this 
material,  however,  is  the  extremely  small  oscillator  strength  of  the  2,  transition,  which  makes 
high  SNR  experiments  in  thin  films  difficult. 

fable  I  lists  the  inorganic  photon-gated  materials  studied  to  date.  For  full  detail,  the 
reader  is  encouraged  to  consult  the  references.  As  can  be  seen,  the  divalent  Sm  ion  shows 
gating  in  a  number  of  host  crystals.  In  addition,  the  transition  from  the  ground  state  to  the 
T),  state  shows  photon-gating'0.  Recently,  using  a  mixed  crystal  of  BaCIF  and  BaBrF  to 
increase  the  inhomogeneous  broadening,  photon  gating  was  observed  at  77K  by  Wei.  et 
al.'2. 

One  possible  approach  to  higher  absorption  cross  sections  in  the  inorganics  lies  in  the 
study  of  multivalent  transition  metal  ions  in  crystals  (sec  the  last  two  entries  in  fable  1). 
l  or  example,  Co2'  in  an  inverse  spinel  crystal,  FiCFuO*  has  shown  photon-gating  .  This 
inorganic  material  utilizes  66ft  nrn  for  / ,  and  longer  wavelengths  for  )  ->  leading  to  a  gating 
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ratio  of  ^  20.  The  mechanism  is  similar  to  that  for  the  Sof' :BaC'lI"  material:  two-step 
photoionization  and  trapping  of  the  ejected  electron  in  the  host  crystal.  Cr*‘  in  SrTiOj  has 
also  shown  photon-gating  ,  hut  with  a  reduced  gating  ratio 


§3.2.  Organic  Materials 

Spectral  hole-burning  nonlinear  in  the  burning  intensity  was  observed  quite  early  in  the 
historv  of  hole-burning  (see  Ref.  7  for  details),  but  the  importance  of  photon-gating  with 
two-color  excitation  was  not  realized  until  much  later,  after  the  SNR  analysis  of 
single-photon  materials*,  fable  2  lists  organic  materials  showing  two-color  photon-gated 
PSHB  to  date.  In  these  materials,  the  l->2  transition  is  usually  within  the  singlet-singlet 
manifold,  thus  the  absorption  cross  section  is  often  quite  large.  Optical  densities  of  0.3  or 
more  arc  relatively  easy  to  achieve  in  thin  films.  The  level  scheme  most  often  applicable  to 
these  systems  is  shown  in  the  right  half  of  Tig.  2. 

The  first  example  of  two-color  photon-gated  PS1IB  in  organic  materials  was  provided  by 
carba/ole  molecules  in  boric  acid  glass  l5.  Upon  excitation  in  the  singlet-singlet  origin  with 
2,  =  .335  nm,  the  molecule  undergoes  intersystem  crossing  with  a  high  yield  to  build  up  a  large 
metastahle  population  in  the  lowest  triplet  state.  T,.  In  the  presence  of  ).2  —  360-514  nm. 
holes  are  formed  at  the  singlet  excitation  wavelength,  2,,  due  to  photoionization  of  the 
molecule  in  the  triplet  manifold  and  trapping  of  the  ejected  electron  in  the  boric  acid  glass 
matrix.  The  observed  gating  ratio  for  this  material  is  near  400.  The  boric  acid  glass  matrix 
plays  an  important  role:  in  comparison  to  less  polar  hosts  like  PM  VIA.  boric  acid  glass 
lowers  the  ionization  potential  of  the  carbazole  guest  from  the  gas  phase  value  by  2.3  cV. 
The  difficulty  with  this  material  is  the  short  wavelength  of  the  site-selecting  transition:  2, 
alone  is  sufficient  to  cause  photoionization  via  a  biphotonic  process. 

The  group  of  Korotaev,  ct  af.  reported  two-color  hole-burning  for  a  derivative  of 
Zn-tctrabcnzoporphvrin  in  uncharactcrizcd  PMMa'  with  excitation  at  62X  and  337  nm. 
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Thc  mechanism  was  not  determined,  and  the  authors  felt  fhat  a  photoioni/ation  process  was 
unlikely  in  this  system. 

The  organic  material  composed  of  photoadducts  of  anthracene  and  tctraccnc  (A-T)  in 

PMMA  '  provides  a  quite  different  type  of  photorcaction  leading  to  photon-gating:  two-step 

photodissociation  of  the  adduct.  The  gating  ratio  lor  this  material  is  small,  however,  due  to 

one-color  photorcactions  caused  by  the  absorption  of  two  photons  of  )  =  326  nin.  The 

one-color  and  two-color  hole-burning  kinetics  for  this  system  show  both  transient  and 

is 

photochemical  saturation  effects 

Studies  of  the  molecule  TZT  (mcso-tctra-(p-tolyl)-Zn-tetrabcn/oporphyrin)  in  ultrapure 
primary  standard  PMMA  using  toluene  as  a  solvent  yielded  only  single-photon  photophysical 

19 

hole-burning  .  However,  by  utilizing  halomcthanc  solvents,  photon-gating  was  observed  by 
a  particularly  interesting  mechanism:  donor-acceptor  electron  transfer  from  the  excited 

|  Q 

porphyrin  donor  to  a  nearby  halomcthanc  acceptor  .  The  TZT  donor  (or  its  Mg  analog) 
was  found  to  exhibit  photon  gating  in  well-characterized  PMMA  thin  films  in  the  presence 
of  a  variety  of  halomcthanc  acceptors,  such  as  chloroform  (CIICI  ),  methylene  chloride,  or 
methylene  bromide  2°.  The  schematic  mechanism  for  hole  production  is  shown  in  Pig.  5. 
The  frequency  selecting  photon  2,  ~  630  urn  excites  the  lowest  singlet-singlet  transition,  and 
triplets  arc  produced  efficiently  by  virtue  of  the  high  triplet  yield  (0.8).  The  triplet  lifetime 
of  40  ms  (for  the  /n  compound)  facilitates  the  buildup  of  a  large  population  in  f,.  When 
the  gating  light  at  z2—  3^0  -  800  nm  is  present,  the  electron  is  excited  to  an  upper  triplet 
Tn  from  which  it  tunnels  to  a  nearby  halomcthanc  acceptor.  This  mechanism  has  been 
confirmed  by  time-delayed  two-color  hole  burning  and  measurements  of  the  spectrum  of  the 
porphyrin  cation  photoproduct2n. 

Phis  first  example  of  photon-gating  via  a  clearly  defined  donor-acceptor  electron  transfer 
mechanism  has  the  useful  property  of  allowing  the  gating  effect  to  be  controlled  by  varying 
the  acceptor  concentration  and/or  acceptor  electron  affinity  (by  choosing  a  different 
acceptor).  However,  due  to  subsequent  reaction  of  the  reduced  acceptor  with  the  matrix. 


reversal  of  t lie  electron  transfer  is  somewhat  difficult.  This  lack  of  reversibility  is  not  a 
fundamental  problem  because  one  can  envision  directly  coupled  donor-acceptor  molecules  in 
which  the  electron  can  be  reversibly  shuffled  back  and  forth  between  the  two  halves  of  the 
molecule  in  a  fashion  analogous  to  the  proton  tautomcri/ation  reaction  for  the  free-base 
porphyrins  and  phthalocyanincs. 

Aside  from  the  specific  disadvantage  of  irreversibility,  the  TZTOM'l,  I’MMA  material 
and  its  analogs  with  Mg  and  with  other  halomcthancs  have  a  further  useful  property:  the 
overall  efficiency  of  gated  hole  production  is  high:  i.e..  fairly  deep  I"--  in  transmission) 
holes  can  be  burned  with  a  single  X  ns  pulse  at  ) ,  followed  immediately  by  a  200  ms  gating 
pulse  at  / :  I  his  is  a  result  of  several  factors:  the  large  absorption  cross  section  at 

the  large  triplet  yield,  the  reasonably  long  triplet  lifetime,  and  the  large  intrinsic  probability 
for  electron  transfer  from  the  high  triplet  levels  to  the  nearby  acceptor. 

figure  6  illustrates  a  further  advantage  of  this  system:  with  the  i/1  Clin,  PMMA 
material,  fast  burning  in  small  laser  spots  can  be  achieved.  1  his  property  has  not  been 
observed  in  any  single-photon  material  to  date  mostly  due  to  the  monophotonic  nature  of 
tfic  hole-burning  process.  As  was  demonstrated  earlier  for  a  reasonably  efficient 
single-photon  material  .  in  order  to  detect  the  shallow  hole  burned  on  a  ns  time  scale,  very 
large  reading  laser  spots  arc  required  to  limit  the  reading  intensity.  By  contrast.  Tig.  6  shows 
that  for  the  donor-acceptor  photon-gated  system,  a  clearly  detectable  spectral  hole  can  be 
produced  with  a  30  ns  pulse  at  followed  immediately  bv  a  200  ms  gating  pulse  at  The 
> :  spot  diameter  was  200  /mi  (limited  bv  the  mechanical  stability  of  the  cryostat),  and  the 
gating  beam  was  unfocused.  The  200  ms  gating  light  puke  acts  as  a  developer”  for  centers 
that  were  placed  in  the  lowest  triplet  state  b\  the  site-selecting  /,  pulse.  If  many  bits  were 
to  be  written  in  the  frequence  domain  in  this  material,  one  would  simply  inject  short  pulses 
at  all  the  wavelengths  desired  and  then  irradiate  with  the  long  > :  puke  to  make  the 
spectral  holes  permanent.  This  observation  directly  illustrates  the  superiority  of  photon-gated 
over  single-photon  mechanisms  for  frequenev-domain  optical  storage  applications. 
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Onc  measure  of  the  gating  ratio  is  the  inverse  ratio  of  burning  times  lor  shallow  holes 
of  constant  depth,  assuming  constant  burning  intensity  at  4,  .  This  measure,  called  (i,,  is 
approximately  equivalent  to  the  ratio  of  the  slopes  of  hole  growth  curves  for  two-color  versus 
one-color  irradiation.  The  value  of  G,  for  the  TZT  (T  IC1,T\TM  A  system  is  ~  100  at 
l.t'K  In  recent  m i. s  u  remen  ts.  G,  was  observed  to  increase  to  a  value  near  10*  when  the 
temperature  was  raised  to  2 OK  This  surprising  result  can  h  *  understood  if  the  one-color 

hole-burning  at  low  temperatures  is  due  to  a  photophysical  rearrangement  of  two-level 
systems  of  the  nearby  host  polymer  over  shallow  barriers.  At  higher  temperatures,  any 
one-color  holes  due  to  transitions  among  the  same  set  of  shallow  barriers  thermally  erase 
immediately  after  burning.  To  form  a  detectable  one-color  hole  at  higher  temperatures,  much 
longer  burning  times  arc  required  because  barriers  must  be  surmounted  that  are  large 
compared  to  kf. 

Returning  to  Table  2.  another  variation  of  gated  hole-burning  material  formed  from  the 
TXT  molecule  may  be  constructed  by  providing  the  halomcthanc  acceptor  as  an  intrinsic  part 
of  the  host.  Toward  these  ends,  photon-gating  has  been  observed  for  TXT  in  PVC 

24  . 

( poly( vinyl  chloride))  thin  films  .  However,  since  the  effective  concentration  ol  chlorine 
atoms  close  to  the  TZT  dopant  molecules  is  reduced,  this  material  shows  relatively  small 
gating  ratios. 

In  recent  studies,  the  group  of  Alshits,  ct  al.  have  observed  two-color  photon-gating  for 
carba/olc  in  I’MMA  2  and  nonlinear  one-color  hole  production  for  perylcne  in  boric  acid 
glass2  .  f  or  the  former  system,  the  mechanism  was  determined  to  be  N-ll  bond  scission  as 
was  observed  in  previous  two-photon  holography  experiments  .  In  the  latter  system, 
photoioni/ation  was  observed  upon  the  absorption  of  two  quanta  at  440  nm  without 
participation  of  the  triplet  states,  thus,  this  material  may  be  regarded  as  a  limiting  example 
of  .1- level  photon  gating  shown  in  the  left  half  of  fig.  2. 
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§4.  Optimal  Photon-Gating  with  Frequency-Domain  Readout 

Wc  now  turn  to  a  discussion  of  the  optimal  materials  parameters  for  practical  gated 
recording  media.  In  ordei  to  identify  the  required  characteristics  of  a  practical  photon-gated 
storage  medium,  some  assumptions  must  he  made  about  the  configuration  of  the  frequency 
domain  optical  storage  system,  specifically,  the  detection  technique  used.  Possible  detection 
methods  include  transmission,  fluorescence  detection,  holographic  methods,  clcctric-ficld 
readout,  and  time-domain  readout'.  In  addition,  the  level  of  parallelism  during  writing  and 
reading  a  fleets  the  power  and  time  available  for  hole  formation  and  detection.  The 
configuration  that  has  been  treated  in  some  detail  that  is  assumed  here  is  the  ease  of 
quantum-limited  transmission  detection  with  frequency-domain  readout  with  a  single 

beam  .  Some  aspects  of  two-step  spectral  hole-burning  with  short  pulses  have  been  analyzed 

■  :9 

separately 

l  or  the  case  of  frequency  domain  readout,  a  plausible  ret  of  constraints  arc:  30  ns 
reading  and  writing  per  bit,  shot-noisc-limitcd  transmission  detection  with  at  least  26  dB 
wideband  signal-to-noisc  ratio,  and  10  pin  diameter  laser  spots.  A  useful  quantity  for 
modeling  purposes  is  the  effective  hole-burning  yield  for  photon-gated  hole-burning.  >/c.  which 
is  defined  as  the  relative  absorption  change  >/e  =  (Aa/a),  that  is  produced  by  the  best-ease 
two-color  hole-burning  during  the  writing  time  of  30  ns.  Due  to  the  complex  nature  of  gated 
PSIIB  processes,  the  value  of  t/c  depends  critically  on  the  specific  microscopic  properties  of 
the  gated  PS  MB  mechanism  as  well  as  on  the  writing  conditions. 

\  thorough  SNR  analysis  for  this  situation  seeks  appropriate  values  for  the  absorption 
ss  section  n,  at  the  density  of  centers  within  a  homogeneous  width  of  the  laser 

f.."'  nev,  N,„.  sample  length  I.,  and  yield  >?c  which  result  in  SNR  >  26  dB  in  a  16  Mil/ 
bandwidth.  Since  the  values  of  I.  and  N,„  arc  not  intrinsic  material  properties  and  can  be 
controlled  when  fabricating  the  storage  medium,  it  is  helpful  to  classify  materials  by  a 
concentration-thickness  product  N„l„  as  long  as  I.  <  I  )0/im. 
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ligurc  7  shows  the  results  of  the  analysis.  Materials  within  the  shown  boundaries  for 
particular  values  of'  permit  data  readout  with  SNR  equal  to  or  greater  than  the  required 
value  with  a  maximum  of  10  mW  reading  power.  For  high  cross  sections  ,  and  large  values 
N,„l.  the  optical  absorption  becomes  so  strong  as  to  prevent  sulFicicnt  light  from  reaching 
the  detector.  For  high  <7,  and  low  values  N.J,  the  achievable  signal-to-noisc  is  limited  bv 
power  broadening  of  the  detected  holes.  For  /?,  <  10  *  cm2  the  available  laser  power  of 
10  m\V  is  lower  than  the  saturation  power;  therefore  the  available  reading  power  defines  the 
S  N  limit.  At  the  top  of  the  figure,  undesirable  interactions  between  the  optically  active 
centers,  c.g.  spectral  diffusion  and  cooperative  cxcitcd-^tatc  quenching,  can  limit  the  usable 
concentration  of  centers. 

As  always,  spectral  broadening  of  the  produced  hole,  eiF.er  by  saturation  of  the  transition 
or  by  excessive  hole-burning,  imposes  an  upper  limit  on  yield  t/c.  It  is  reasonable  to  restrict 
the  hole-burning  yield  to  >/e  <  0. 1.  The  o,  -  N,„L  parameter  space  shrinks  rapidly  as  t/c 
decreases.  In  order  to  successfully  implement  a  frequency-domain  optical  storage  system 
based  on  gated  mechanisms,  it  is  critical  to  find  a  material  that  permits  gated  PSHB  with 
very  high  efficiency  in  the  short  writing  times  required  for  fast  data  transfer  rates. 

-2 

For  example,  with  the  inorganic  material  composed  of  Sm2‘  in  BaCIF,  NfI,F=d()14  cm 
and  <7,~|0  lscn!  .  and  the  value  of  >/c  has  not  been  measured.  T  he  achievable  SNR  in  this 
material  is  insufficient  without  more  than  100  mW  of  reading  laser  power.  For  the  case  of 
the  organic  I  7 I  Cl  IClfPM  M  A  material,  N,UF  ~  5xl012  un  2.  a,  ~  5x10  12  cm2,  and  i/c  ~  0.01 
.  This  material  would  be  barely  acceptable  if  the  overall  efficiency  were  higher  or  if  the 
absorption  cross  section  were  smaller  (and  if  the  mechanism  were  reversible). 

I  he  use  of  a  data  access  method  other  than  frequency  scanning  in  a  focused  spot  will 
clearly  alter  the  exact  materials  requirements  for  practical  information  storage  using  photon 
gating.  Other  access  methods  that  have  been  considered  arc  time-domain  storage  °. 
holographic  storage  \  and  electric- f'icicl  access  12  and  a  similar  SNR  analysis  should  be 
performed  for  each  of  these  access  methods.  In  each  ease,  t  fie  presence  of  a  threshold  in  the 


writing  process  improves  the  performance,  so  photon-gated  materials  arc  expected  to  continue 
to  he  important  for  information  storage  schemes  using  persistent  spectral  hole-burning,  no 
matter  what  the  access  mechanism. 

§5.  Conclusion 

The  number  of  examples  of  gated  spectral  hole-burning  continues  to  grow,  further 
widening  this  novel  class  of  mechanisms  for  PSHB.  Considering  the  limitations  on 
single-photon  materials  for  frequency  domain  optical  storage  applications,  the  search  for 
gated  mechanisms  should  be  an  important  area  for  future  study.  This  is  especially  true 
because  photon-gating  directly  resolves  a  paradox  that  limits  single-photon  materials:  how 
to  achieve  high  efficiency  photochemistry  for  writing  and  yet  have  low  efficiency  during 
reading.  The  practical  realization  of  technological  applications  of  PSNB  presents  a 
stimulating  challenge  for  interdisciplinary  research:  identification  and  characterization  of 
gated  hole-burning  mechanisms  in  materials  that  will  satisfy  all  the  requirements  for 
frequency  domain  optical  storage  as  well  as  other  useful  applications  of  persistent  spectral 
hole-burning. 
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Table  1:  Inorganic  materials  showing  photon-gated  persistent  spectral  hole-burning 


Material  System 

1 1 ,  mn 

>2,  urn 

Mechanism3 

Reference 

Sin2  f  in  Bat'll-' 

630,690 

514-454 

two-step  PI 

8-10 

Sm2+  in  SrClP 

690 

350 

two-step  PI 

6 

Srn2  +  in  C'aFj 

690 

514 

two-step' PI 

6 

Sm2  +  in  C'aS()4 

690 

351-514 

two-step  PI 

II 

Srn2+  in  BaP(Cl.Br) 

562 

562 

two-step  PI 

12 

Co2  f  in  I.iGa5Os 

660 

673 

two-step  PI 

13 

Cr  +  in  SrTit>3 

790 

790-1060  | 

two-step  PI 

14 

aPI  -  photoionization 
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Table  2:  Organic  materials  showing  photon-gated  persistent  spectral  hole-burning 


Material  System" 

! 

z.  mil 

3  2.  nm 

Mechanism1’ 

Reference 

Carbazolc  in  boric  acid  glass 

i 

.ITS 

360-514 

; 

two-step  PI 

15 

Zn-TBP  in  PMMA 

628 

337 

? 

16 

Anthracene-tetraccne 
photoadducts  in  PMMA 

326 

j  442 

two-step  PD 

17,18 

TZT  with  halomethanes  in 
PMMA 

630 

350-800 

two-step  DA 

in 

19-21 

TMT  with  halomethanes  in 
PMMA 

630 

350-800 

two-step  DA 

irr 

19,20 

TZT  in  PVC 

630 

514 

two-step  DA 
HT 

24 

Carbazolc  in  PMMA 

337 

441-514 

two-step 

N1IS 

25 

Perylcnc  in  boric  acid  glass 

441 

441 

two-step  PI 

26 

"PMMA  -  poly( methylmethacrylate).  PVC  -  poly(vinyl  chloride),  TBP'  -  tetrahenzoporphyrin 
derivative.  TZT  -  mcsortctra-(p-toIyl)-Zn-tctrabcn/oporphyrin.  I'M  T  -  meso- 
tctra-(p-tolvi)- Mg- tetrahenzoporphyrin. 

PI  -  photoionization,  PI)  -  photodissociation,  XUS  -  X-ll  bond  scission,  DA  TT  -  donor- 
acceptor  electron  transfer 
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FIGURE  CAPTIONS 


Figure  (.  Illustration  of  basic  scheme  for  gated,  two-step  PSIIB.  The  line  pointing  toward 
permanent  reservoir”  depicts  the  transformation  of  the  center  to  a  new  ground  state  that 
produces  hole-burning. 


Figure  2.  Two  schcir.es  for  photon-gated  PSIIB.  Felt  side:  Three-level  system.  Right  side: 
Four-level  system.  The  optical  absorption  should  be  small  in  the  circled  regions. 


Figure  .1..  Energy  level  diagram  of  BaOF'iSm2'  showing  the  two-step  photoioni/ation  process 
responsible  for  photon  gating. 

Figure  4..  Photon  gated  hole-burning  in  the  7F0->5D0  transition  of  BaClF:Sm2‘.  (a)  The  13 
G1I/  wide  inhomogeneous  line  profile  at  6879A,  (b)  a  700  Mil/  section  of  the  line  before 
hole-burning,  (c)  after  burning  at  0  Mil/  and  -  220  Mil/  with  2  W/cm2  for  2000  s,  (d)  a 
single  hole  burned  at  0  Mil/  in  3  s  by  adding  20  W/cm2  of  M4.SA  gating  light,  (e)  multiple 
holes  burned  110  Mil/,  apart. 

Figure  5  Level  diagram  for  photon-gated  PSIIB  via  donor-acceptor  electron  transfer.  The 
structure  of  the  donor  chromophorc  TZT  is  shown  in  the  inset. 


Figure  6.  Fast  burning  in  smaii  spots  for  the  TZT/CHCF/PMMA  material,  (a)  baseline 
before  burning.  The  curvature  in  this  trace  is  due  to  weak  l  abry-Perot  resonances  in  the 
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optical  system.  The  zero  of  absorption  is  off- scale  at  the  bottom,  (h)  After  burning  with  a 
10  m\V  beam  at  J ,  for  .10  ns,  followed  immediately  with  a  200  ms  gating  beam  at  4S8  nm 
of  17  mW. 


Figure  7.  Materials  constraints  for  gated  PSIIB  materials  in  order  to  achieve  practical  SNR. 
The  various  regions  and  symbols  are  defined  in  the  text.  To  illustrate  the  effect  of  increased 
laser  power,  the  dotted  line  shows  the  >/c  =  O.f  boundary  for  100  m\V  reading  power. 
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